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Rab proteins comprise a family of small GTPases 
that serve a  regulatory  role  in  membrane traffic. These 
proteins are in part cytosolic and in part associated 
with the  membranes  of specific exocytic and  endocytic 
organelles.  Smg  p25A/rab3A  GDI,  a cytosolic protein 
which  inhibits  the  dissociation f  GDP  from  smg p25A/ 
rabSA, Sec4p, and rabll ,  has  also  been  found  to  pre- 
vent  association of rab3A with the  membrane.  In this 
study, we  have  used  Madin-Darby  canine  kidney cells 
permeabilized with the  bacterial toxin streptolysin 0 
to test  the  general activity of  rab3A  GDI in  modulating 
the  membrane  association of various  small  GTP-bind- 
ing proteins. Rab3A  GDP dissociation  inhibitor  (GDI) 
removed  from  the  membrane all rab proteins we have 
tested  and  inhibited  the  membrane  binding of in vitro 
translated rab proteins. However, rab3A GDI had a 
limited effect on  the  membrane  association f a  mutant 
rab6  protein  which  contained  a  farnesylated cysteine 
motif. Finally, we found that, although rab3A GDI 
resides primarily in the cytosol, it is also associated 
with compartments  of  the exocytic and  endocytic  path- 
ways. Since rab3A GDI can modulate the membrane 
association of various  rab  proteins, we propose  to re- 
name it rab  GDI. 
Many genetic and biochemical approaches have now illus- 
trated  the implication of small  GTPases in the regulation of 
intracellular vesicular traffic (reviewed in Pfeffer, 1992; Takai 
et al., 1992). However, the functional mechanism of these 
proteins  still  remains unclear. The  GTPase cycle of Yptlp, 
Sec4p, and  rab  proteins  has been postulated to monitor the 
specificity of interaction between components of the  transport 
machinery on  the vesicle and on the acceptor compartment 
(Bourne, 1988; Bourne et al., 1990). According to  this model, 
a specific rab  protein would be recruited on the donor mem- 
brane or on nascent  transport vesicles by a specific receptor. 
This complex  would then be recognized  by a docking machin- 
ery on the  target membrane. Hydrolysis of GTP by the rab 
protein would trigger the fusion of the membrane of the vesicle 
with that of the acceptor compartment. After GTP hydrolysis, 
the  GTPase would be returned to  the donor membrane via 
the cytosol to perform multiple rounds of vesicular transport. 
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This hypothesis has originally been supported by the finding 
that a fraction of these GTPases is present in a soluble 
cytoplasmic pool. 
In a search for regulatory factors for rab  proteins,  a protein 
that inhibits the dissociation of GDP but not GTP from 
rab3A (formerly called smg p25A)  was purified from bovine 
brain cytosol (Sasaki et al., 1990). The cDNA of this factor, 
rab3A GDI’, was subsequently cloned and  its primary struc- 
ture was determined. The protein is  composed of 447 amino 
acids with a calculated M, of 50,565 (Matsui et al., 1990). 
Rab3A GDI inhibits the binding to  and induces the dissocia- 
tion from synaptic membranes and vesicles of the GDP-bound 
form but  not of the  GTP-bound form of rab3A (Araki et al., 
1990). In addition, rab3A  GDI has also been found to be active 
on Sec4p and rabll  (Sasaki et al., 1991; Ueda et al., 1991) and 
has been shown to form a complex with low molecular weight 
GTP-binding  proteins  in the cytosol of insulin-secreting cells 
(Regazzi et al., 1992). The tissue  distribution analysis of rab3A 
GDI has revealed that it is found in both regulated and 
constitutive secretory cells (Nonaka et al., 1991). 
Rab proteins display an organelle-specific distribution 
(Pfeffer, 1992). The COOH-terminal regions of these proteins 
play an important role in the localization process. They 
include distinct cysteine motifs that are subjected to isopren- 
ylation (Farnsworth et al., 1991; Khosravi-Far et al., 1991; 
Kinsella and Maltese, 1992; Peter et al., 1992). While this 
post-translational modification is essential for membrane as- 
sociation, it does not confer specificity to  this process. Other 
sequences upstream from the cysteine motif determine the 
association of rab proteins with their specific target mem- 
brane (Chavrier et al., 1991). Consistent with the variable 
location of rab  proteins,  their COOH-terminal sequences are 
highly divergent. Additionally, in the case of rab3A, the 
COOH-terminal region of this protein has been found to be 
required for the interaction with rab3A GDI (Araki et al., 
1991). Owing to  the  structural divergence in the COOH ter- 
minus of rab  proteins,  these findings raise the question of the 
specificity of rab3A GDI for the various members of the rab 
protein family. 
In this paper, we have extended the functional studies on 
rab3A GDI using an in vitro system. First, we show that rab3A 
GDI removed all endogenous rab  proteins we have tested from 
the membrane of permeabilized cells and  inhibited the mem- 
brane binding of in vitro translated rab proteins. Second, 
rab3A GDI could not efficiently interact with a  rab5  mutant 
protein containing a farnesylated cysteine motif. Third, we 
The abbreviations used are: GDI, GDP dissociation inhibitor; 
MDCK, Madin-Darby canine kidney; SLO, streptolysin 0; PBS, 
phosphate-buffered saline; PAGE, polyacrylamide gel electrophoresis; 
DTT, dithiothreitol; FITC, fluorescein isothiocyanate; ICT buffer, 
intracellular transport buffer. 
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present evidence that rab3A GDI resides primarily in the 
cytosol, but is also associated with the membrane of various 
intracellular  compartments. 
MATERIALS AND  METHODS 
MDCK cells were grown as described before by Bacallao et al. 
(1989). Rab3A GDI was purified from bovine brain cytosol (Sasaki  et 
ai., 1990). The recombinant glutathione S-transferase-rab3A GDI 
fusion protein was obtained by cloning the rab3A GDI cDNA into 
plasmid pGEX-2T and purifying the fusion protein from transformed 
Escherichia coli JMlO9' by using a  glutathione-Sepharose 4B column 
according to the manufacturer's manual. Reduced streptolysin 0 
(SLO) was obtained from Wellcome Diagnostics, Dartford, United 
Kingdom. The mouse monoclonal antibody against &COP was a 
generous gift of T. Kreis (University of Geneva, Switzerland). The 
fluorescent conjugated second antibodies and  the horseradish perox- 
idase-labeled second antibodies for Western blot analysis were ob- 
tained from Dianova (Hamburg, Federal Republic of Germany). [I- 
3H]Farnesyl pyrophosphate (15 Ci/mmol, 98% purity) and [1-3H] 
geranylgeranyl pyrophosphate (26 Ci/mmol, 99% purity) were pur- 
chased from American Radiochemical Corp. 
Preparation of Antibodies-Polyclonal antibodies against rab2, 
rab5, rab7, and rab8 were raised against  synthetic  COOH-terminal 
peptides and purified as described (Chavrier et al., 1990a): Rabbit 
anti-rabll  and  anti-rab 9  antisera were raised against recombinant 
bacterially expressed proteins and were then affinity purified (Zerial 
et al., 1992; Lombardi et al., 1993). Generation and purification of 
polyclonal antibodies against  a  synthetic COOH-terminal GDI-pep- 
tide (AFDFENMKRKQNDVFGEADQ) was carried out according to 
Zerial et al. (1992). 
Cell Permeabilization with Streptolysin 0-MDCK cells grown on 
plastic dishes were washed once with cold (4 "C) PBS. Permeabili- 
zation was then achieved by a two-step procedure. First,  the toxin 
was bound to  the plasma membrane by incubating cells for 15 min at 
4 "C with 8 IU/ml of SLO. The excess of toxin was then removed, 
and  the cells were washed once with cold (4 "C) intracellular transport 
(ICT) buffer (78 mM KCl, 50 mM HEPES-KOH,  pH 7.0,4 mM MgClZ, 
10 mM EGTA, 8.37 mM CaC12, 1 mM DTT, (Burke and Gerace, 1986). 
In the permeabilization step, cells were incubated for 15 min at 37 "C 
with ICT buffer. The efficiency of permeabilization was determined 
by accessibility of antibodies to intracellular  antigens  (Gravotta et 
al., 1990) and release of endogenous rab  proteins  after incubation of 
permeabilized cells with 0.8 p~ of rab3A GDI. Under these conditions 
almost 100% of the cells became permeabilized. 
Plasmid Constructions-For in uitro transcription/translation ex- 
periments, rab cDNAs (Chavrier et al., 1990b) were cloned into 
pGEMl plasmid (Promega)  under the control of the bacteriophage 
T7 RNA polymerase promoter, and plasmids were then linearized 
with suitable restriction enzymes. In order to construct rab5-CVLS, 
a T7 primer and the mutant primer AACTGAAGCTTTAGGAA- 
AGCACACACTGACTCCTGG  were used in  a polymerase chain re- 
action to amplify a 700-base pair DNA fragment from pGEM1-rab5. 
The AccI-Hind111 fragment of this polymerase chain reaction product 
was then cloned into pGEM1-rab5 restricted with AccI and HindIII. 
The resulting plasmid was subjected to double-stranded DNA se- 
quencing to verify the mutation and to exclude the presence of 
polymerase chain reaction errors. 
In Vitro Transcr@tion/Translatwn-For in uitro transcription, 1 
pg of linearized rab plasmid DNA  was transcribed with 25 units of 
phage T7 RNA polymerase (NEB) for 1 h at  40 "C in a volume of 10 
pl. The reaction mixture contained 0.5 mM of each of the four 
nucleoside triphosphates, 40 mM Tris-HC1, pH 7.6, 6 mM MgClz, 2 
mM spermidine, 10 mM DTT,  and 10 units RNasin (Promega). 
In uitro translations were carried out in  nuclease-treated reticulo- 
cyte lysate according to the manufacturers' instructions. 1 pg  of 
uncapped RNA was translated  at 30 "C for 1 h  in  a reaction volume 
of 100 pl. To improve the isoprenylation of the proteins, in uitro 
translations were performed in the presence of 5 mM mevalonic acid 
(generated by alkaline hydrolysis of mevalonic acid lactone as de- 
scribed by Kita et al. (1980) and were followed by an additional 
incubation at 37 "C for 30 min. Proteins were labeled with [35S] 
methionine (1 mCi/ml final concentration, Amersham SJ1015) using 
Y. Takai, unpublished results. 
L. Huber, H. Virta, P. Dupree, V. Olkkonen, A. Lutcke, M. Zerial, 
and K. Simons, manuscript  in  preparation. 
a methionine-free amino acid mix (Promega). 
Isoprenoid Analysis of in Vitro Translated Rab Proteins-1 pg of 
rab5 and rab5-CVLS-RNA were in vitro translated for 1 h at  30  "C 
in 100-p1 reactions containing [3H]farnesyl pyrophosphate (2 pCi, 15 
Ci/mmol) or [3H]geranylgeranyl pyrophosphate (2 pCi, 26 Ci/mmol). 
Prior  to use, the radioactive isoprenoids were dried under a  stream of 
nitrogen. In order to optimize the conditions for isoprenylation, after 
translation  the mixture was adjusted to 5 mM MgClZ, 1 mM DTT  and 
incubated for an additional 60 min at 37 "C. The reactions were 
stopped by adding 500 p1  of immunoprecipitation buffer. 
For each immunoprecipitation 50 pl of anti-rab5 rabbit antisera 
were incubated for 2 h at 4 "C with 50 pl of Protein A-Sepharose 
(Pharmacia) with gentle agitation. Then  the serum was  removed and 
the beads were washed three times with immunoprecipitation buffer 
(10 mM Tris-HC1, pH 7.3, 150 mM NaCl, 1 mM EDTA, 0.5% Triton 
X-100). The centrifuged in uitro translation reactions were added to 
the antibodies bound to Protein A-Sepharose and incubated overnight 
a t  4 "C with gentle agitation. The Sepharose beads were then washed 
three times with ice-cold immunoprecipitation buffer and once with 
10 mM Tris-HC1, pH 7.3. The immunoprecipitated proteins were 
released by boiling the beads for 5 min in  SDS sample buffer and 
analyzed by SDS-PAGE and fluorography. 
Immuob2otting"For  Western  blot analysis, proteins were sepa- 
rated on 12% SDS-PAGE and transferred onto nitrocellulose filter. 
The membrane was  blocked for 1 h  in PBS,  5% milk, 0.1% Tween 20 
and  then incubated for 2 h at  room temperature with primary rabbit 
anti-GDI  antisera diluted in blocking buffer. After five washes of 5 
min each in blocking buffer, the membrane was incubated for 1 h at 
room temperature with horseradish peroxidase-labeled goat anti- 
rabbit antibodies diluted in blocking buffer. The membrane was 
washed five times in blocking buffer, and bound antibodies were 
visualized by the enhanced chemiluminescence detection system 
(Amersham Corp.). 
Estimation of the Endogenous Concentration of  Rab3A GDI- 
MDCK cells were homogenized by passing through a 22-gauge syringe 
needle. A  postnuclear supernatant was prepared (10 min, 800 X g), 
which was then ultracentrifuged (1 h, 100.000 X g) to generate a 
cytosol and a membrane fraction. Proportional  amounts of membrane 
and cytosol fractions were resolved on  SDS-PAGE and analyzed by 
quantitative  Western  blotting, using purified rab3A GDI (Sasaki  et 
al., 1990) as a  standard. For detection of the protein we used anti- 
GDI polyclonal antiserum  in combination with the enhanced chemi- 
luminescence detection system. The relative intensities of the visu- 
alized protein bands were estimated by densitometry (Molecular 
Dynamics). The amount of rab3A GDI in 100 pg of MDCK cell 
cytosol (of -3 X lo6 cells) was found to be about 200 ng. From the 
cytosol preparation we estimated  a cytosolic volume of -1 pl/MDCK 
cell, which is in agreement with the value found for baby hamster 
kidney cells (Griffiths et al., 1989). Thus, the estimated cytosolic 
concentration of rab3A GDI in MDCK cells is 1.2 p ~ .  
Immunofluorescence Microscopy-MDCK cells were  grown  on 11- 
mm round coverslips for 36 h prior to treatment. The cells were 
washed twice with PBS  and  then fixed with 3% paraformaldehyde in 
PBS for 30 min. After fixation the cells were washed with PBS for 
10 min and free aldehyde groups were quenched with 50 mM NH&l 
in PBS for 15 min. This was  followed by washes with PBS for 10 min 
and permeabilization by incubating the cells with 0.1% Triton X-100 
in PBS for 5 min. After rinsing the coverslips with PBS for 10 min, 
the cells were incubated with the first  antibody in PBS,  5% fetal calf 
serum for 30 min. The cells were washed with PBS for 15 min and 
primary antibody binding was visualized with rhodamine-conjugated 
donkey anti-rabbit or FITC-conjugated donkey anti-mouse antibodies 
in PBS, 5% fetal calf serum for 20 min. Finally, the cells were washed 
in PBS for 15 min, and  the coverslips were mounted in moviol. For 
double immunofluorescence, primary antibodies or secondary anti- 
bodies were added together. Confocal fluorescence analysis was per- 
formed with the EMBL confocal microscope and the images were 
photographed with T-Max 100 ASA film (Kodak). 
Internalization of FITC-Transferrin-Canine apotransferrin 
(Sigma) was iron saturated using the method of Stoorvogel et al. 
(1987). In order to subsequently label with FITC, 500 pg of iron 
saturated transferrin  in 250  pl of PBS were  mixed with 50  pl of 1 M 
NaHC03,  pH 8.5, and 250  pg  of FITC on Cellite (Calbiochem). After 
incubation for 30 min at room temperature the reaction was stopped 
by adding 1 mM glycine, pH 8.5. The Cellite was spun down and  the 
FITC-transferrin was separated from the free FITC by  gel filtration 
over a Sephadex G-25 column (Pharmacia) using 20 mM HEPES, pH 
7.5, 150 mM NaCl as  the elution buffer. 
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Prior to internalization of FITC-transferrin, the subconfluent 
MDCK cells were incubated at 37 "C for 1 h in culture medium 
lacking fetal calf serum. After washing with serum-free medium, cells 
were continuously labeled by incubation with FITC-transferrin (0.1 
mg/ml) for 30 min at 37 "C. Cells were then washed three times with 
ice-cold PBS  and fixed with 3% paraformaldehyde, first 5 min on ice 
and then 15 min at room temperature. For colocalization studies 
using anti-GDI antibodies, cells were then permeabilized with 0.1% 
Triton X-100 and immunolabeled as described above. 
RESULTS 
Effect of Rab3A  GDI  on the Membrane  Association  of En-  
dogenous Rub  Proteins-To study the effect of purified rab3A 
GDI on the membrane association of small GTP-binding 
proteins, we have used MDCK cells permeabilized with the 
bacterial toxin SLO. This procedure allows access to intracel- 
lular membranes while causing minimal structural damage 
and permitting vesicular transport  (Gravotta et al., 1990; Tan 
et al., 1992; Pimplikar and Simons, 1993). Selective per- 
meabilization of the plasma membrane was achieved by bind- 
ing SLO at 4 "C, removing the excess of toxin, and allowing 
pore formation at  37 "C. We used conditions that allowed 
permeabilization of almost 100% of the cells (see "Materials 
and Methods"). We first analyzed the membrane association 
of small GTP-binding  proteins by two-dimensional gel elec- 
trophoresis followed by blotting  on nitrocellulose and  GTP- 
over la^.^ As in intact cells, in permeabilized MDCK cells most 
of the small GTP-binding  proteins were detected in the mem- 
brane  fraction,  and only a small fraction was  recovered in the 
cytosol. In  contrast, incubation of permeabilized cells in the 
presence of various concentrations (1 nM-1 pM) of purified 
rab3A  GDI for 30 min at 37 "C removed several small GTP- 
binding proteins from the membrane (data  not shown). Max- 
imal effect was obtained when cells were incubated with 0.8 
p~ rab3A GDI, in good agreement with the estimated asso- 
ciation constant of rab3A and rab3A GDI  (Araki et al., 1990). 
No effect was observed when intact cells were incubated with 
rab3A GDI. 
The finding that rab3A GDI removed several small GTP- 
binding proteins from the membrane of SLO-permeabilized 
MDCK cells prompted  us to examine the membrane associa- 
tion of various rab proteins under the same experimental 
conditions. We studied the effect of rab3A GDI on endogenous 
rab2, rab5, rab7, rab8, rab9, and rabll  proteins by quantita- 
tive immunoblot analysis using specific affinity-purified an- 
tibodies. As shown in Fig. 1, in permeabilized MDCK cells 
incubated in the absence of rab3A GDI,  these  proteins were 
predominantly membrane associated as shown previously 
(Chavrier et al., 1990a;  Goud et al., 1990; van der Sluijs et al., 
1991). In  contrast,  after incubation with 0.8 p~ purified rab3A 
GDI all these rab proteins were removed from the membrane 
and could be recovered in the cytosolic fraction.  Furthermore, 
the concentration of endogenous rab3A GDI was estimated to 
be -1.2 p~ in  the cytosol of MDCK cells (see  "Materials  and 
Methods") and 2 p~ in the cytosol of neuron bodies and 
synaptosomes (Nonaka et al., 1991). Thus, in our in vitro 
system rab3A GDI was active at its physiological concentra- 
tion. These results indicate that rab3A GDI is active on 
several members of the rab  protein family. 
In order to examine whether rab proteins would remain 
complexed with rab3A GDI upon extraction from the mem- 
brane, we incubated SLO-permeabilized MDCK cells with 
recombinant glutathione  S-transferase-rab3A  GDI  and  then 
adsorbed the fusion protein  onto  glutathione sepharose. Sim- 
ilar to rab3A  GDI purified from bovine brain,  the recombinant 
glutathione  S-transferase-rab3A GDI was able to remove rab5 
from the membrane (Fig. 2). Moreover, rab5 was found to be 
bound to glutathione  S-transferase-rab3A  GDI  and was re- 
covered on the Sepharose beads. These  data suggest that rab 
proteins remain complexed with rab3A GDI upon removal 
from the membrane. 
Effect of Rab3A GDZ on the Membrane  Association  of Ex-  
ogenous  Rub  Proteins-If rab3A GDI is able to extract endog- 
enous  rab  proteins from the membrane, it should also be able 
to prevent the membrane association of exogenous rab pro- 
teins. To address this question, we established an i n  vitro 
assay which measures binding of rab  proteins to  the mem- 
brane of SLO-permeabilized MDCK  cells. Since rabbit  retic- 
ulocyte lysate supports the post-translational modifications 
of ras and ras-related  proteins that  are required for membrane 
association (Hancock et al., 1991; Kinsella et al., 1991; Kin- 
sella and Maltese, 1992), we used [35S]methionine-labeled in 
vitro translated  rab proteins. We first investigated the bio- 
chemical properties of membrane binding of in vitro trans- 
lated  rab5 (Fig. 3). As noted previously (Peter et aL, 1992), 
occasionally the rab5 protein appeared as a doublet when 
analyzed by SDS-PAGE. SLO-permeabilized and  unper- 
meabilized MDCK cells were incubated with i n  vitro trans- 
lated [35S]methionine-labeled rab5 for 30 min at 37 "C, then 
extensively washed and analyzed by SDS-PAGE  and subse- 
quent fluorography. Binding of rab5 was detected only in 
permeabilized cells indicating that it was due to specific 
association with the cytosolic face of cellular membranes (Fig. 
3a). We estimated that 75 pg of in vitro translated rab5 
associated with 1 x lo6 permeabilized MDCK cells (as calcu- 
lated from the incorporated [35S]methionine). Binding was 
completely abolished at 4 "C, indicating that membrane as- 
sociation is a  temperature-dependent process (Fig. 3b). Fur- 
thermore, isoprenylation of rab5 was required for membrane 
association. Association of rab5 with the membrane was in- 
hibited when in vitro translation was carried out in the 
presence of an excess of recombinant rab5 purified from E. 
coli (Fig. 3c), which competes for isoprenylation (Peter et al., 
1992). However, addition of recombinant rab5 after i n  vitro 
translation did not affect membrane binding, ruling out a 
nonspecific inhibitory effect of the recombinant protein on 
membrane association. 
I n  vitro translated  rab5 was then incubated with perme- 
abilized cells, the cells were then homogenized, and a high 
speed membrane fraction was prepared. The fact that we 
could hardly detect any rab5 in the supernatant suggested 
that  the protein was strongly membrane associated (Fig. 3d). 
The protein was resistant to extraction of the membranes 
with high salt, urea, and high pH but was removed upon 
extraction with Triton X-100, indicating a tight binding to 
membranes via hydrophobic interactions.  These results show 
that i n  vitro translated membrane-associated rab5 exhibits 
the same biochemical properties  as endogenous rab  proteins 
(Goud et al., 1990). 
Having established conditions to  obtain binding of exoge- 
nous rab5 to membranes, we then examined whether the 
binding of  exogenous rab, rho,  and  ras  proteins would also be 
regulated by rab3A GDI. In  the absence of rab3A GDI, in  
vitro translated  rabla, rab4b, rab5, rab7, and rablO as well as 
rhoA and  N-ras bound to permeabilized MDCK cells (Fig. 4). 
When the i n  vitro translated proteins were incubated with 
permeabilized cells in  the presence of rab3A GDI, membrane 
association of rab  proteins was completely inhibited. In  con- 
trast, binding of rhoA and N-ras was not affected by this 
treatment. 
These data indicate that purified rab3A  GDI inhibits bind- 
ing of exogenous rab  proteins to  the membrane of permeabil- 
ized  MDCK  cells, whereas it is not active on members of the 
rho  and  ras families of small GTP-binding  proteins. 
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FIG. 1. Removal of endogenous 
rab proteins by rab3A GDI from the 27.5 - 
membranes of SLO-permeabilized 
MDCK cells. MDCK cells were per- 
meabilized with SLO and incubated for 
30 min at 37 "C without (-) or with (+) 
0.8 PM rab3A GDI. The released cytosol 
(C) and the cellular membranes (M) 
were  resolved on SDS-PAGE and  trans- 
ferred to nitrocellulose. The distribution 
of the rab  proteins was determined by 
Western blot analysis using affinity  pu- 
rified antibodies. A  faster  miprati e cv- rabd  rab9 
- 
- 
16.5 - - 
M C  M C  M C  M C  
tosolic protein that is recognEed b; tge 
anti-rab9  ntibodies  is indicated by an M W  - - 
asterisk. This band could well corre- 
spond to a degradation product of rab9 I R m  
similar to rab9AC in Lombardi et al. 
(1993). 
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FIG. 2. Rab6 remains complexed to rab3A GDI upon re- 
moval from the membranes of SLO-permeabilized MDCK 
cells. MDCK cells were permeabilized with SLO and incubated for 
30 min at 37 "C without rab3A GDI (- GDZ), with 3 PM recombinant 
glutathione S-transferase-rab3A GDI (GST-GDZ) or with 0.8 PM 
rab3A GDI (GDZ). The cytosolic proteins released from the cells were 
then incubated with glutathione Sepharose 4B. The beads were 
washed twice with ICT buffer, boiled in SDS sample buffer, and  the 
proteins from membranes and beads were analyzed by SDS-PAGE 
and immunoblotting. Anti-rab5  antibodies were used to detect rab5. 
Specificity of Isoprenylution for  the  Interaction  between Rub5 
and Rab3A GDZ-Previous studies have shown that rab3A 
GDI can  interact with rab3A only in the presence of an  intact 
post-translationally modified  COOH terminus (Araki et al., 
1991). The geranylgeranyl moiety but  not  the methyl group 
is essential for this  interaction  (Musha et al., 1992).  However, 
it is not known whether the structurally distinct cysteine 
motifs of rab  proteins  and/or  their corresponding isoprenoid 
modification play a specific role in  this process. Therefore, 
we replaced the cysteine motif of rab5 (CCSN) which is 
modified by one or two geranylgeranyl isoprenoids (Kinsella 
and Maltese, 1992), with the CAAX-motif of H-ras (CVLS), 
which is  a  substrate for farnesylation. As shown previously, 
wild type rab5 was  exclusively geranylgeranylated (Kinsella 
and Maltese, 1992). However, the in Vitro translated rab5- 
+ +  
m!!F 
" + +  
- 
I 
- 
M C  M C  M C  
rab7 
M C  M C  
rab 1 1  
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- 
- 
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CVLS mutant protein was found to incorporate both [3H] 
farnesyl and [3H]geranylgeranyl (Fig. 5a). Owing to  the purity 
of the products (see "Materials and Methods"), it is unlikely 
that  the incorporation of both isoprenoids results from the 
presence of contaminants. The fact that the rab5 mutant 
protein was still  a  substrate of the geranylgeranyl transferase 
suggests that sequences upstream from the cysteine motif 
may be recognized by the modifying enzyme (Kinsella and 
Maltese, 1992; Peter et al., 1992; Seabra et al., 1992). When 
overexpressed in baby hamster kidney  cells using the vaccinia 
system (Bucci et dl.,  1992) the  mutant protein displayed low 
membrane binding but localized together with human trans- 
ferrin receptor (not shown). This indicates that  at least a 
small percentage of the  mutant protein is correctly targeted 
to  the early endosomes in uiuo. In SLO-permeabilized MDCK 
cells, membrane association of the rab5-CVLS mutant was 10 
times less efficient (7.5 pg/l X IO6 cells) than  that of the wild 
type rab5 protein. Thus, replacement of the COOH-terminal 
cysteine motif of rab5 with a farnesylated CAAX  box drasti- 
cally  reduced membrane association. We then examined 
whether rab3A  GDI  would affect the membrane association 
of [35S]methionine-labeled rab5-CVLS mutant protein. Un- 
fortunately, membrane association of the [3H]geranylgeranyl- 
or [3H]farnesyl-labeled proteins could not be detected due to 
their low specific activity. While membrane binding of rab5 
was completely abolished in the presence of rab3A GDI, 
attachment of the mutant protein to the membrane was 
reduced only by 40% (Fig. 5b). Thus,  the rab5-CVLS mutant 
protein is partially resistant to  the activity of rab3A GDI. 
This effect is consistent with extraction of a geranylgerany- 
lated fraction of rab5-CVLS from the membrane by rab3A 
GDI. This explanation is  in agreement with the finding that 
rab8, which contains  a CAAX  box  of the mono-geranylgeranyl 
type, was also found to be  removed  from the membrane by 
rab3A GDI (Fig. 1). 
These data suggest that rab3A GDI requires the specific 
presence of a geranylgeranylated COOH terminus to effi- 
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FIG. 3. Binding  properties  of in vitro translated  rabS to membranes  of  SLO-permeabilized MDCK cells. MDCK cells grown 
in 24-well dishes were permeabilized with SLO  and incubated with in  vitro translated [35S]methionine-labeled rab5 for 30 min at 37  "C  (150 
pl of ICT buffer, 0.005% Triton X-100 containing  4 p1 of rab5 reticulocyte lysate). The cells were then extensively washed for 1 h at 4 "C, 
boiled in  SDS sample buffer and analyzed by SDS-PAGE and fluorography. a, binding of in  vitro translated rab5 to SLO-permeabilized (+) 
and unpermeabilized (-) cells; b, binding of in  vitro translated rab5 at  37  "C and 4  "C to SLO-permeabilized cells; c, membrane binding of 
rab5, in  vitro translated under  conditions that allow (+) or prevent (-) isoprenylation. (+, left side) rab5 in  vitro translated in the absence of 
recombinant rab5 from E. coli; (-) rab5 in  vitro translated in the presence of 2 pg of E. coli rab5; (+, right side) in  vitro translated rab5 
supplemented with 2 pg  of E. coli rab5 added after in  vitro translation; d, treatment of membrane-bound in vitro translated rab5 with high 
salt, urea, high pH,  and  Triton X-100. Permeabilized MDCK cells from a 10-cm plastic dish were incubated with in  vitro translated rab5 (3 
ml  of ICT buffer, 0.005% Triton X-100 containing 100  pl rab5 reticulocyte lysate), then washed, and homogenized in  ICT buffer a t  4 "C. A 
postnuclear supernatant (PNS)  was prepared (10 min, 800 X g) which was then centrifuged at  100.000 X g for 1 h to generate a soluble 
fraction ( S )  and a membrane fraction (MB). The fractions were analyzed by SDS-PAGE and fluorography. Aliquots of the membrane fraction 
were resuspended in 1 M NaC1,6 M urea, 0.2 M sodium carbonate,  pH 11, in water, or in 1% Triton X-100 ,and incubated for 30 min on ice. 
After centrifugation for 1 h a t  100,000 X g, the  supernatants  and pellets were boiled in SDS sample buffer and analyzed by SDS-PAGE and 
fluorography. 
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FIG. 4. Effect  of  rab3A GDI on the membrane association 
of  exogenous  rab,  rho,  and ras proteins. MDCK cells grown in 
24-well dishes were permeabilized with SLO and incubated for 30 
min at  37 "C with in  vitro translated [35S]methionine-labeled rab, 
rho, or ras  proteins (4 p1 of reticulocyte lysate  in 150 pl of ICT buffer, 
0.005% Triton X-100). Incubations were carried out  in  the absence 
(-) or presence (+) of 0.8 p~ rab3A GDI. The cells were then washed 
for 1 h at  4 "C, boiled in  SDS  sample buffer, and analyzed by SDS- 
PAGE and fluorography. 
ciently interact with this protein. 
Rab3A GDI Is Found Both in the Cytosol and on the Mem- 
brane of MDCK Cells-Having shown that purified rab3A 
GDI can remove rab  proteins from the membrane, we next 
tested whether rab5 can be found complexed with rab3A GDI 
in  the cytoplasm of MDCK cells. To  this end, we subjected a 
cytosol fraction to continuous sucrose density  gradient ultra- 
centrifugation as previously described (Araki et al., 1990). 
Western blot analysis of the fractions  using  affinity-purified 
anti-rab5  and anti-rab3A GDI antibodies  indicated that  en- 
dogenous rab5 cosedimented with rab3A GDI with an  appar- 
ent M, of 80,000 (not shown). These results suggest that, 
similar to rab3A (Araki et al., 1990;  Regazzi et al., 1992), rab5 
exist in a 1:l complex with rab3A GDI in the cytosol of 
MDCK cells. 
30 - 30 - 
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FIG. 5. Role  of the rabS COOH terminus  for  the  interaction 
with rab3A GDI. a, wild type rab5 (CCSN) and rab5-CVLS mutant 
protein were in  vitro translated in reticulocyte lysates in the presence 
of either [3H]farnesyl pyrophosphate ([3H]-FPP) or [3H]geranylger- 
any1 pyrophosphate (['H]-GGPP). Labeled proteins were immuno- 
precipitated with polyclonal anti-rab5 antibodies and analyzed by 
SDS-PAGE and fluorography. b, MDCK cells grown in 24-well dishes 
were permeabilized with SLO and incubated with in  vitro translated 
[35S]methionine-labeled wild type rab5 and rab5-CVLS mutant pro- 
teins for 30 min at  37 "C (4 pl of reticulocyte lysate in 150 p1 of ICT 
buffer, 0.005% Triton X-100). Incubation was performed in the 
absence (-) or presence (+) of 0.8 PM rab3A GDI. The cells were 
then washed for 1 h at  4 "C and boiled in SDS sample buffer prior to 
SDS-PAGE and fluorography. 
Rab3A GDI was purified from bovine brain cytosol (Sasaki 
et al., 1990) and was mostly found  in the cytosol fraction of 
rat cerebrum and of insulin-secreting cells (Nonaka et al., 
1991;  Regazzi et al., 1992). Given the effect of rab3A GDI on 
the membrane association of rab proteins in MDCK cells, we 
next asked  whether a fraction of total rab3A GDI could be 
detected in a membrane-bound form. First, we performed 
Western blot analysis with anti-rab3A GDI antibodies on 
membrane and cytosol fractions from MDCK cells (Fig. 6). 
While the majority of rab3A GDI was detected  in the cytosol, 
20% of total rab3A GDI was found in the membrane fraction. 
The interaction of rab3A GDI with the membrane was not 
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FIG. 6. Western  blot analysis of the  subcellular  distribution 
of rab3A GDI in MDCK cells. MDCK cells were homogenized and 
then separated by ultracentrifugation into membrane ( M B )  and 
cytosolic (CYT)  fractions. An aliquot of the pelleted membranes was 
then resuspended in ICT buffer containing 1 M NaCl and incubated 
for 30 min on ice. Incubation was followed by ultracentrifugation to 
obtain a membrane pellet ( M B )  and a supernatant ( S )  containing 
the salt-extracted proteins. The samples were resolved on  SDS-PAGE 
and Western blot analysis was performed using anti-GDI polyclonal 
antiserum. Purified rab3A GDI (GDZ) was used for quantitative 
Western blotting. 
very strong,  since the protein could be removed by 1 M NaCl 
salt wash. Second, we determined the membrane localization 
of rab3A GDI in MDCK cells by confocal immunofluorescence 
microscopy (Fig. 7 ,  A and C). Rab3A GDI showed a diffuse 
cytoplasmic staining, as expected for a cytosolic protein. 
However, most strikingly, rab3A GDI exhibited a vesicular 
staining pattern spread throughout the cytoplasm. Double 
immunofluorescence microscopy revealed partial colocaliza- 
tion of rab3A GDI with p-COP (Fig. 7 B ) ,  a coat protein 
associated with the Golgi apparatus (Duden et al., 1991). 
Rab3A GDI was also found to be associated with endocytic 
structures labeled by internalization of canine  FITC-transfer- 
rin for 30 min a t  37 "C (Fig. 70) .  
These results  demonstrate that rab3A GDI is  not restricted 
to  the cytoplasm but is also associated, in part with organelles 
of the exocytic and endocytic pathways  in MDCK cells. 
DISCUSSION 
Rab3A GDI, a protein which inhibits  the dissociation of 
GDP from smg p25A/rab3A, Sec4p, and  rabll,  has also been 
found to prevent association of rab3A with the membrane 
(Araki et al., 1990; Sasaki et al., 1991; Ueda et al., 1991). The 
COOH-terminal region of rab3A is required for the interaction 
with rab3A GDI (Araki et al., 1991). Since this region displays 
the highest sequence variability among all rab proteins it 
became important  to  determine whether rab3A GDI can in- 
teract with distinct  or with any member of the  rab  proteins 
family. We have used a permeabilized cell system to test the 
activity of rab3A GDI in modulating the membrane associa- 
tion of various small GTP-binding proteins. By two-dimen- 
sional gel electrophoresis and  GTP overlay, we observed that 
incubation of SLO-permeabilized MDCK cells with purified 
rab3A GDI induced the dissociation of several GTP-binding 
proteins from the membrane. Further analysis suggested that 
these  proteins are members of the  rab family. We  found that 
rab3A GDI removes all rab  proteins we have tested from the 
membrane and prevents the membrane  association of exoge- 
nous rab proteins. Therefore, since rab3A GDI acts as a 
general regulatory component for various rab proteins, we 
propose to rename it rab GDI. 
Association of rab  proteins with their corresponding  organ- 
elles is a  multi-step process involving post-translational mod- 
ifications and recognition of targeting sequences (Chavrier et 
al., 1991). Truncated  rab  proteins lacking the COOH-terminal 
cysteine motif are unable to associate  with cellular membranes 
and remain  functionally inert (Chavrier et al., 1991; Khosravi- 
Far et al., 1991; Bucci et al., 1992; Lombardi et al., 1993). Rab 
proteins have been shown to acquire geranylgeranyl groups 
on the  terminal cysteines which also become methyl-esterified 
(Farnsworth et al., 1991; Khosravi-Far et al., 1991; Kinsella 
and Maltese, 1992; Peter et dl., 1992). Conversion of the 
geranylgeranylated cysteine motif of rab5 to -CVLS,  which is 
a substrate for farnesylation,  dramatically reduced binding of 
the  mutant protein to  the membrane of permeabilized MDCK 
cells. These results suggest that  the higher hydrophobicity of 
the geranylgeraniol group, compared to farnesol, is required 
to confer the efficient binding of rab5  to  the membrane. While 
the addition of one or two 20-carbon isoprenoid groups in- 
creases the hydrophobicity of rab proteins allowing them to 
become tightly membrane associated, this process can be 
reversed by rab GDI. Previous studies have shown that  the 
geranylgeranyl moiety but  not  the methyl group of rab3A is 
essential for the interaction  with rab GDI (Musha et al., 1992). 
Our results further suggest that efficient interaction between 
rab5 and  rab GDI requires the presence of one or two geran- 
ylgeranyl groups on the cysteine motif. Rab GDI only partially 
affected membrane association of the rab5-CVLS mutant 
protein. Since mono-geranylgeranylated rab8 was shown to 
be efficiently removed by rab GDI from the membrane it is 
likely that  the  partial effect of rab GDI on the membrane 
association of the rab5 mutant protein is due to poor interac- 
tion with the farnesylated rather  than with the mono-geran- 
ylgeranylated rab5 mutant protein.  These data indicate for 
the  first ime that  the COOH-terminal cysteine motif together 
with its corresponding isoprenoid group play a specific role in 
the regulation of membrane association of rab proteins. How- 
ever, geranylgeranylation is not sufficient per se for interac- 
tion with rab GDI, since membrane association of geranylger- 
anylated rhoA protein is not affected by rab GDI. This implies 
that  rab GDI binds  both to  the geranylgeranyl group and  to 
sequences upstream the cysteine motif. 
Rab proteins are  thought  to  shuttle between their specific 
membrane compartments and the cytoplasm in a guanine 
nucleotide-dependent manner. According to the proposed 
model, membrane association would depend on  a GDP/GTP 
exchange protein which would induce GDP release and  GTP 
binding  (Bourne, 1988; Pfeffer, 1992). GTP hydrolysis would 
be required to trigger fusion of the membrane of the vesicle 
with the membrane of the acceptor compartment. Subse- 
quently, the inactive  GDP-bound rab protein would return  to 
the donor membrane via a soluble intermediate, where it 
would be recharged with GTP to initiate a new round of 
transport. This model implies the presence of factors that 
regulate the association of rab  proteins with the membrane 
as well as  their release into  the cytosol. I t  is conceivable that 
the observed activity of rab GDI may reflect a physiological 
role in regulating the reversible transition of rab proteins 
from their specific membrane compartment to the cytosol. 
Three observations are consistent  with this explanation. First, 
rab5 remains complexed with rab GDI upon removal from the 
membrane. Second, rab GDI has been found complexed with 
rab3A and  other small GTP-binding proteins  in the cytosol 
of insulin-secreting cells (Regazzi et al., 1992). Our data 
further suggest that  rab GDI is complexed with cytosolic rab5. 
Third, we detect by Western blotting and immunofluores- 
cence a  significant  fraction of rab GDI associated with various 
intracellular  membrane compartments in MDCK cells. Two 
different possibilities that  are  not mutually exclusive could 
account for the membrane association of rab GDI. A fraction 
of rab GDI could be in complex with rab proteins in the 
process of associating with the membrane. In addition, a 
significant pool of rab GDI could be associated at  sites of 
vesicle docking and fusion with the  target membrane to effi- 
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FIG. 7. Confocal fluorescence microscopy localization of rab3A GDI in MDCK cells. A and B, MDCK cells were fixed and  then 
permeabilized with Triton X-100. Cells were double-labeled for indirect immunofluorescence using  affinity  purified  rabbit anti-GDI antibody 
and mouse monoclonal antibodies against @-COP. After washing, cells were incubated  with  rhodamine-labeled donkey anti-rabbit IgG to label 
the bound anti-GDI IgG ( A )  and with fluorescein-labeled donkey anti-mouse IgG to label bound anti-0-COP IgG ( B ) .  C and D, MDCK cells 
were incubated a t  37 'C for 30 min with  FITC-labeled canine  transferrin. After  fixation, cells were permeabilized with Triton X-100 and 
incubated  with  affinity  purified rabbit  anti-GDI antibody.  For  labelling the bound anti-GDI I g G  (C) cells were incubated  with  rhodamine- 
labeled donkey anti-rabbit IgG. D, cells were photographed  with fluorescein optics  showing FITC-transferrin distribution. Bar, 10 pm. 
ciently recycle rab proteins once GTP hydrolysis has occurred. 
These  data support the idea that rab GDI interacts on the 
membrane with various rab proteins displaying different lo- 
cations. Rab GDI  was  previously found to be  mostly  cytosolic 
in subcellular fractionation studies (Nonaka et al., 1991;  Re- 
gazzi et al., 1992). This could  be due to loss of GDI during 
membrane preparation, as observed for rab proteins (Bucci et 
al., 1992). 
Since the majority of rab proteins are membrane bound in 
intact cells despite the presence of rab GDI, how can we 
explain the removal of rab proteins from the membrane by 
purified rab GDI in vitro? Recent data have  shown that rab 
GDI is only found in a complexed form with small GTP- 
binding proteins in the cytosol of insulin-secreting cells (Re- 
gazzi et al., 1992). Therefore, it is possible that exogenous 
rab-free GDI  could  form a complex  with the membrane  bound 
rab proteins and remove them from the membrane. Rab GDI 
interacts specifically with the GDP-bound form of rab pro- 
teins (Araki et al., 1990). It is likely that  the excess of rab 
GDI could cause extraction of rab proteins upon GTP hy- 
drolysis and  their conversion into  the GDP-bound form in 
the SLO-permeabilized  cells. 
Rab proteins are highly compartmentalized and can be  used 
as specific subcellular markers to molecularly  define  organ- 
elles or transport routes. Two-dimensional gel electrophoresis 
in combination with GTP overlay has been  recently  used to 
characterize subcellular fractions and to identify potential 
candidates for regulatory GTPases (Lenhard et al., 1991; 
Seydel and Gerace, 1991; Goke et al., 1992).3 However, this 
method does not establish to which subfamily of GTPases 
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these proteins belong. Incubation of a subcellular fraction 
with rab GDI could offer a  direct  approach for the identifi- 
cation of rab  proteins  present in a subcellular preparation. 
The same approach could also be attempted for the identifi- 
cation of rho proteins. Finally, the in vitro assay we have 
established will hopefully allow us to study the effects accom- 
panying the removal of rab  proteins from the membrane on 
the regulation of intracellular traffic. 
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